ABSTRACT KDM5B (JARID1B/PLU1) is a H3K4me2/3 histone demethylase that is implicated in cancer development and proliferation and is also indispensable for embryonic stem cell self-renewal, cell fate, and murine embryonic development. However, little is known about the role of KDM5B during preimplantation embryo development. Here we show that KDM5B is critical to porcine preimplantation development. KDM5B was found to be expressed in a stage-specific manner, consistent with demethylation of H3K4me3, with the highest expression being observed from the 4-cell to the blastocyst stages. Knockdown of KDM5B by morpholino antisense oligonucleotides injection impaired porcine embryo development to the blastocyst stage. The impairment of embryo development might be caused by increased expression of H3K4me3 at the 4-cell and blastocyst stages, which disturbs the balance of bivalent H3K4me3-H3K27me3 modifications at the blastocyst stage. Decreased abundance of H3K27me3 at blastocyst stage activates multiple members of homeobox genes (HOX), which need to be silenced for faithful embryo development. Additionally, the histone demethylase KDM6A was found to be upregulated by knockdown of KDM5B, which indicated it was responsible for the decreased abundance of H3K27me3 at the blastocyst stage. The transcriptional levels of Ten-Eleven Translocation gene family members (TET1, TET2, and TET3) are found to be increased by knockdown of KDM5B, which indicates cross talk between histone modifications and DNA methylation. The studies above indicate that KDM5B is required for porcine embryo development through regulating the balance of bivalent H3K4me3-H3K27me3 modifications. embryonic development, H3K4me3, histone demethylase, KDM5B, pig
INTRODUCTION
Embryonic development is a complicated process of lineage proliferation and cell differentiation, which is tightly regulated by transcription factors and chromatin-associated proteins [1] . Epigenetic mechanisms are one of the important means of controlling gene expression during embryonic cell differentiation [2] [3] [4] [5] [6] [7] . This epigenetic control results in a unique pattern of gene expression between different cell types and stages of embryo development [8] [9] [10] .
Dynamic methylation and demethylation of histones at specific residues is one of the most important posttranslational chromatin-associated modifications [11] . These modifications are known to regulate nuclear function, including transcriptional regulation, epigenetic inheritance, and maintenance of genome integrity [12] [13] [14] [15] [16] [17] . Specifically, trimethylation at both H3K4 (H3K4me3) and H3K27 (H3K27me3) play a role in embryonic genome activation and blastocyst cell lineage segregation in the mouse [18] [19] [20] [21] [22] [23] . The colocalization of H3K4me3 and H3K27me3, termed bivalent domains, was found in mouse embryonic stem cells (ESCs) by whole genome mapping [24] [25] [26] . This bivalent modification pattern is observed in clusters of homeobox (HOX) genes and other genes related to early embryonic development, such as POU5F1, NANOG, and SOX2 [25] . The bivalent domains are proposed to silence key developmental genes in ESCs while keeping them poised for later activation [27] .
Lysine-specific histone demethylase 5B (KDM5B) (also known as JARID1B or PLU-1) can catalyze the demethylation of tri-and dimethylated H3K4 (H3K4me3 and H3K4me2) to the monomethylated form (H3K4me1) [28] [29] [30] . Several studies demonstrated that KDM5B is implicated in breast and prostate cancers as well as in melanoma maintenance, making it a potential drug target for cancers [31] [32] [33] [34] [35] . Kdm5b is critical for mouse ESC differentiation because depletion of the demethylase leads to increased ability of self-renewal in the absence of leukemia inhibitor factor [36] . However, the exact role of Kdm5b in mouse embryo development remains controversial. It was reported that Kdm5b À/À was embryonic lethal in mice between Embryonic Day 4.5 (E4.5) to E7.5 [35] ; however, studies from Albert et al. [1] showed that Kdm5b À/À mice exhibited neonatal lethality due to several neural defects. Recently, Zou et al. [37] reported that Kdm5b À/À mice are viable beyond embryonic and neonatal stages, but they exhibit decreased body weight, premature mortality, decreased female fertility, and delayed mammary gland development. These results might suggest that Kdm5B is critical to ensure faithful murine embryonic development. The importance of KDM5B
Microinjection
For KDM5B knockdown, morpholino antisense oligonucleotides (MOs) (GENE-Tools) against porcine KDM5B were injected into the cytoplasm of matured MII stage oocytes using a FemtoJet microinjector (Eppendorf). MOs w e r e d e s i g n e d t o t a r g e t p o r c i n e K D M 5 B a t 3 6 2 -3 8 4 b p (ENSSSCT00000029047) to block translation while water was injected as a negative control. Either the MOs or water was delivered into cytoplasm of matured porcine oocytes. Microinjection was performed in oocyte manipulation medium with 7.5 lg/ml cytochalasin B on the heated stage of a Nikon inverted microscope (Nikon Corporation). A number of control experiments (no injection, water injection, nonspecific MOs injection, and KDM5B-MOs injection) were designed to eliminate potential detrimental effects of the microinjection technique and morpholino toxicity on embryo development and to demonstrate that the morpholino was specifically blocking the KDM5B translation. Injected oocytes were then activated according to the protocol. The activated oocytes were transferred to PZM3 medium for culture.
Indirect Immunofluorescence
Embryos of every stage derived from parthenogenetic development were washed in PBS, fixed for 15 min in 4% paraformaldehyde in PBS, and permeabilized with 0.1% Triton X-100 in PBS for 30 min. After permeabilization, the embryos were then blocked in 5% BSA in PBS for 1 h at room temperature. The samples were stained with primary antibodies against H3K4me3 (1:1000; Abcam), or H3K27me3 (1:200; Abcam) according to the manufacturer's protocol overnight at 48C. After extensive washing with PBS containing 0.1% PVA, samples were treated with a secondary antibody of Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG) (1:200) or Alexa Fluor 594 goat anti-mouse IgG (1:200) according to the manufacturer's protocol (ZSGB-Bio) for 1 h at room temperature. After washing three times with PBS containing 0.1% PVA, embryos were mounted on slides in mounting medium containing 15 lg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratory Inc.). Day 6 blastocysts with good morphology were selected for counting total number of nuclei. After being fixed in 4% paraformaldehyde in PBS for 15 min and permeabilized with 0.1% Triton X-100 in PBS for 30 min at room temperature, embryos were mounted on slides in mounting medium containing DAPI. Groups of embryos stained without primary antibody or secondary antibody or both antibodies were used as negative controls to examine the specificity of the reaction. At least 10 oocytes or embryos were processed for each treatment group, and the experiments were replicated three times. Slides were analyzed using an epifluorescence microscope (Nikon) equipped with a digital camera. Images were captured and quantified using Nikon NIS element software. To make relative comparisons, the settings for exposure and image capture remained constant, and all the images were assembled without any adjustment of contrast or brightness to the images.
Western Blot Analysis
A total of 400 porcine embryos per sample were mixed with SDS sample buffer and boiled for 5 min at 1008C. Western blot analysis was performed as described previously [40] and according the manufacturer's protocol. Briefly, protein samples were separated by SDS-PAGE and transferred onto nitrocellulose filter membrane. After blocking with 5% BSA for 1 h, the membranes were incubated with anti-KDM5B/H3K4me3/H3K27me3 (1:500) and anti-GAPDH (1:2000) antibody overnight at 48C. After rinsing three times in PBS, the membranes were incubated at 378C for 1 h with Alexa Fluor 680 goat anti-mouse IgG (A21057, Invitrogen) or IRDye 800CW goat anti-rabbit (926-32211; LI-COR Biosciences). After rinsing three times in PBS, the membrane was imaged with the ODYSSEY Sa Infrared Imaging System (LI-COR Biosciences).
Quantitative Real-Time PCR
To investigate the abundance of mRNA in porcine oocytes and embryos, 100-200 oocytes or 50-100 embryos were collected for each stage. Total RNA was extracted from the samples using the Qiagen AllPrep DNA/RNA Micro Kit (Qiagen) according to the manufacturer's protocol. After RNA isolation, the reverse transcriptase reaction was conducted using a TIANscript RT Kit (TIAGEN). The synthesized cDNA was used for quantitative real-time PCR. A housekeeping gene, H2AFZ, was used as the internal control (primer sequences are shown in Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). The PCR was conducted using TaKaRa SYBR Premix Ex Taq (TaKaRa). Primer validation tests were run for each designed primer to verify that the amplification efficiencies were similar for each cycle. The program used for the PCR included an initial temperature of 958C for 30 sec followed by 40 cycles of 958C for 5 sec and 608C for 34 sec. Real-time fluorescence data was collected during the extension time. The relative quantification method based on comparative threshold cycles (Ct) values was used to identify the abundance of message. The transcript abundance of each gene was then calculated relative to that of the internal control gene H2AFZ, and DCt was calculated by subtracting Ct values of each gene from the Ct of H2AFZ. Control group Ct values served as calibrators and were used HUANG ET AL.
subsequently to obtain DDCt values. Fold differences in transcript abundance were obtained by using the equation2 ÀDDCt . At least three biological and three experimental replications were used for each assay. The quantitative real-time PCR results were compared by the general linear model (PROC GLM) of Statistical Analysis System (SAS Institute). Differences with P , 0.05 were considered significantly different.
TdT-Mediated dUTP Nick End Labeling Assay
TdT-mediated dUTP nick end labeling assays were carried out with In Situ Cell Death Detection Kit (Roche Diagnostics) according to the manufacturer's instructions.
Statistical Analysis
All the experiments were repeated at least three times. Differences in relative expression assayed by quantitative PCR (qPCR) and immunofluorescence as well as embryo nuclear number and percentage of apoptosis cells were tested for significance by Student t-test. Difference in cleavage rates and blastocyst rate were tested for significance by chi-square. The data were considered significant when the P value was less than 0.05 (*) or 0.01 (**).
RESULTS

Demethylation of H3K4me3 Is Temporally Related to Expression of KDM5B During Porcine Preimplantation Development
The four members of KDM5 histone demethylases are KDM5A, KDM5B, KDM5C, and KDM5D. KDM5D is encoded on the Y chromosome, and its mRNA expression is detectable in all male tissues [41] . In order to determine which histone demethylase is key during porcine embryogenesis, the abundance of three KDM5 family demethylases (KDM5A, KDM5B, KDM5C) in preimplantation porcine embryo were investigated by qPCR. KDM5B was the only transcript that was differentially expressed, with an increase in abundance from the 2-to 4-cell stage before reaching a peak at the blastocyst stage (P , 0.01; Fig. 1A ).
Immunofluorescence staining of H3K4me3 from different development stage embryos was performed. H3K4me3 is not detectable in GV stage oocytes; however, starting at the MII stage, it is easily detectable through the 2-cell stage before decreasing at the 4-cell and blastocyst stages (Fig. 1B) . The dynamic changes of KDM5B expression are consistent with demethylation of H3K4me3 during porcine embryo development.
KDM5B Is Required for Early Porcine Embryo Development
Conservation of KDM5B across species was analyzed using the amino acid sequences of KDM5B from pig (XM_005668019.1), mouse (NM_152895.2), and human (NM_006618.3). They were aligned using DNAman software. Porcine KDM5B is 91.4% and 89.6% homologous to human and mouse, respectively, which indicates that KDM5B is highly conserved across these species (Fig. 2) .
To investigate the potential biological function of KDM5B in porcine early embryonic development, 10 ng of MOs designed against KDM5B-coding sequence were microinjected into MII oocytes. Several experiments detected no significant difference in embryo developmental competence and embryo quality when using water or nonspecific MOs as negative controls ( Table 1 ). Oocytes that survived microinjection were parthenogenetically activated or in vitro fertilized to initiate embryo development. As shown in Figure  3A , we confirmed by Western blot analysis that the expression of KDM5B in Day 4 porcine embryos is notably reduced.
There is no difference in cleavage rate (as defined by the number of embryos cleaved on Day 2 over the total number of oocytes subjected to parthenogenesis or IVF) between KDM5B-MOs zygotes and the negative control (Table 1) . However, in the KDM5B-MOs group, the developmental competence of parthenogenetic (12.3%) and IVF (3.3%) embryos reaching the blastocyst stage was significantly reduced when compared to the control group, which is 23.1% and 12.3%, respectively (P , 0.01, Table 1 ). Total cell number was significantly decreased in the KDM5B-MOs group when compared with the control cohort in both parthenogenetic and IVF embryos ( Table 1 ). The percentage of apoptotic cells in blastocysts from the KDM5B-MOs parthenogenetic development group was increased compared to the control-injected embryos (12.5% vs. 6.5%, P , 0.01; Fig. 3 , B and C).
KDM5B Knockdown Stimulated the Trimethylation of H3K4 in 4-Cell Stage Embryos and Increased the Abundance of H3K4me3 at the Blastocyst Stage
To address the exact mechanism of KDM5B knockdown during porcine embryogenesis, the abundance of H3K4me3 was examined. Immunofluorescence using an antibody against H3K4me3 revealed that pronuclear and 2-cell stages embryos from both KDM5B knockdown and control groups had robust abundance of H3K4me3 (Fig. 4A) . However, at the 4-cell stage there were a higher number of embryos that were positively stained with H3K4me3 observed in the KDM5B-MOs injected group compared with the control group (16% vs. 30%, P , 0.01; Fig. 4B ). Additionally, KMD5B knockdown increased the abundance of H3K4me3 at the blastocyst stage (P , 0.01, Figs. 4A and 5C).
Knockdown of KDM5B Impairs the Balance of H3K4me3-H3K27me3 at the Blastocyst Stage
H3K27me3 and H3K4me3 are important repressive and permissive histone modifications that can repress and activate, respectively, gene expression during embryonic development [25, 42] . Observation of enhanced H3K4me3 expression following the knockdown of KDM5B (Figs. 4A and 5A-C), warranted further examination of the abundance levels for H3K27me3. Immunofluorescence results showed that knockdown of KDM5B can not only increase the trimethylation of H3K4 but also decrease the abundance of H3K27me3 at the blastocyst stage (Fig. 5 , A and C, and Supplemental Fig. S1 ). The increase of H3K4me3 after KDM5B knockdown was also confirmed by Western blot analysis (Fig. 5B) . The antibody against H3K27me3 we used for Western blot analysis was not specific enough to make good quality images, however, the results still indicated a decrease in H3K27me3 after KDM5B knockdown (Supplemental Fig. S1 ). The dynamic change in methylation and demethylation of H3K27me3 was coordinated by KDM6A and Polycomb Repressive Complex 2 (PRC2). The qPCR results indicated that the increased expression of H3K27m3 at the blastocyst stage might be caused by KDM6A but not PRC2 (Fig. 5F ).
KDM5B IS CRITICAL TO PIG EMBRYO DEVELOPMENT
FIG. 1. Temporal and spatial abundance of histone demethylases KDM5B and H3K4me3 in porcine oocytes and embryonic development. A) Transcriptional profile of KDM5A, KDM5B, and KDM5C using real-time PCR. The levels of the transcripts were normalized against H2AFZ. Note that KDM5B was stage specifically expressed and increased from 4-cell stage to blastocyst stage (**P , 0.01). Data are presented as the mean 6 SEM. B) Immunofluorescence detection of H3K4me3 protein in porcine oocytes and early embryonic stages. H3K4me3 protein (red) was probed with rabbit antiH3K4me3 antibodies (1:1000) and detected by using Alexa 594-conjugated goat anti-rabbit antibodies (1:200). Nuclei (blue) were labeled with DAPI stain. Original magnification was 3400 for embryos. Note that H3K4me3 was decreased at the 4-cell and blastocyst stages.
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Protein sequence of KDM5B from porcine, mouse, and human were aligned using DNAman software. KDM5B was conserved in these species, with the porcine sequence being 91.4% and 89.6% homologous to human and mouse, respectively.
Knockdown of KDM5B Increased the Expression Level of HOX Genes and TETs
The colocalization of H3K4me3 and H3K27me3, the bivalent domains, was found in mouse ESCs by whole genome mapping [24] [25] [26] . This modification pattern is observed in clusters of HOX genes in addition to other genes corresponding to early embryonic development, such as POU5F1, NANOG, and SOX2 [25] . The transcript level of HOX genes (HOXA2,  HOXA3, HOXA7, HOXA13, HOXB4, HOXB7, HOXB13,  HOXC8, HOXD8, and HOXD13 ) and pluripotency genes (POU5F1, NANOG, and SOX2) were analyzed. The qPCR 3 . Knockdown of KDM5B resulted in increasing apoptotic cells in the blastocysts. A) Western blot analysis of KDM5B expression after knockdown using MOs blocking KDM5B translation. Embryos were collected 96 h after injection and parthenogenetic development. The levels of the translation were normalized against GAPDH. B, C) Staining for cell death (using TdT-mediated dUTP nick end labeling) showed that KDM5B-knockdown blastocysts had more apoptotic cells; 30 embryos of each group were detected. Original magnification was 3200 for embryos. Data are presented as the mean 6 SEM; **P , 0.01. results showed that the expression of multiple members of the HOX family (HOXA7, HOXB4, HOXB7, HOXD8 , and HOXD13) and SOX2 are greatly elevated (P , 0.01; Fig. 5 , D and E). We found that the abundance of TET1, TET2, and TET3 in the blastocysts from the KDM5B-knockdown group are all increased compared to controls (Fig. 5G) .
DISCUSSION
Here we demonstrate an essential role of KDM5B in porcine embryogenesis. Knockdown of KDM5B by microinjection of MOs at the MII stage resulted in a lower rate of oocytes that developed to the blastocyst stage and fewer cells within the resulting blastocysts. The studies in mice have suggested that Kdm5b is important for faithful mouse embryonic development because Kdm5b À/À embryos (deletion of exon 1) fail to develop beyond the preimplantation stage (E4.5-E7.5), and deletion of exon 6 results in neonatal lethality [1, 9, 35] . The embryonic lethality in the Kdm5b À/À mouse might be due to the method used to generate the embryonic stem line by disrupting the Kdm5b locus with the neomycin cassette or by the genetic background of mice [43] . Additionally, the delayed mammary gland development defect observed in a Kdm5b À/À mice [43] is similar to the phenotype of a different mouse model that carries a deletion for ARID domain of Kdm5b [35] . The above studies highlight the importance of the function of Kdm5b in mouse embryonic development. Furthermore, ESCs could not be generated from mouse Kdm5b À/À blastocysts successfully, and mouse embryo ESCs do not survive upon abolishing Kdm5b expression by small hairpin RNA [28] .
The data from the current study shows that expression of KDM5B but not KDM5A or KDM5C is stage specific, being highly expressed at the 4-cell and blastocyst stages, which is in accordance with the dynamic change of H3K4me3. Therefore, we hypothesized that KDM5B would be critical for embryo development and regulation of H3K4me3. Our results showed that knockdown of KDM5B decreased developmental competence to the blastocyst stage and markedly increased H3K4me3 at the 4-cell and blastocyst stages of porcine embryos in accordance with a previous study that showed KDM5B is responsible for demethylation of the tri-and dimethylation states of H3K4 (H3K4me3 and H3K4me2) to the mono form (H3K4me1) [30, 31, 44] . Kdm5b is reported to be a barrier to the reprogramming process because genes associated with epithelial to mesenchymal transition lose H3K4me3/2 during the early reprogramming process. A global analysis of H3K4me3/2 reveals that enhancers of fibroblast-specific genes are rapidly deactivated in the absence of Kdm5b [36] . Additionally, a study reported that a Kdm5b À/À mouse model exhibited neonatal lethality due to several neural defects, which was caused by aberrant H3K4me3 and activation of normally inactive genes encoding developmental regulators such as Pax6 and Otx2 during embryogenesis [1] . These results suggest that aberrant abundance of H3K4me3 in the 4-cell and blastocyst stage embryos might be harmful to porcine embryonic development.
Knockdown KDM5B could indirectly lead to lower abundance of H3K27me3 in the blastocysts compared to the control group, which is consistent with a previous finding in ESCs where there was a bivalent balance between H3K4me3 and H3K27me3 [25, 45] . H3K4me3 positively regulates transcription by recruiting nucleosome-remodeling enzymes and histone acetylases, while H3K27me3 negatively regulates transcription by promoting a compact chromatin structure. Bivalent modifications of H3K4me3 and H3K27me3 at the same area of one gene are proposed to play a pivotal role related to pluripotency in ESCs and is observed in clusters of HOX genes and other genes related to early embryonic development [25, 45] . The analysis between ESCs and differentiated cell types suggests that bivalent domains are characteristic of pluripotent cells and that they silence developmental genes while keeping them poised for activation [25] . Disturbance of the bivalent modifications of H3K4me3 and H3K27me3 might activate expression of the HOX family and other genes related to early embryonic development [46] . In this study, the abundance of HOXA7, HOXB13, HOXB4, HOXD8, and HOXD13 was found to significantly increase in the KDM5B-knockdown blastocysts. Previous research has demonstrated a direct interaction of methylases and demethylases of H3K27 at the promoter sites of HOXA7, HOXB1, and HOXA10 [46] [47] [48] . The HOX family genes are critical to the mammalian body plan and are expressed in a restricted anterior/posterior pattern that coincides with their physical position in the cluster. Tight regulation of HOX gene expression boundaries and dosage are critical for embryonic development [49] with the repressed status being necessary for normal embryo development.
The dynamic change of H3K27me3 is coordinated with histone methylation transferase PRC2 and histone demethylase KDM6A [46, [50] [51] [52] [53] . We noticed that the abundance of H3K27me3 was decreased after KDM5B deletion. This might be caused by KDM6A, which was found to be overexpressed in blastocysts as determined by qPCR. However, this result needs to be further confirmed by demonstration of overexpression of KDM6A.
KDM5B knockdown also affects the expression of SOX2 in the blastocysts stage. This result is consistent with studies in ESCs that showed that H3K4me3 could regulate the expression of POU5F1, NANOG, and SOX2, three pluripotency genes that regulate differentiation of ESCs [54, 55] .
Cross talk between histone modification and DNA methylation is important to keep in mind for future manipulations of gene regulation in induced pluripotent stem cells and cancer treatment [56] . Tets are responsible for the cross talk between H3K27me3 and DNA methylation in mouse ESCs [56] . Increased expression of TET1, TET2, and TET3 by knockdown of KDM5B was observed and could be a reason for the decreased embryo development competency. This is supported by a study that showed the dynamics of TET family expression in porcine preimplantation embryos was related to zygotic 3 using MOs blocking KDM5B translation. Ninety-six hours after injection and parthenogenetic development, 400 live embryos per sample were collected. The levels of the translation were normalized against GAPDH. C) Fluorescence intensity analysis of H3K4me3 and H3K27me3 abundance in the blastocyst stage of the control and KDM5B-knockdown groups. D) Real-time PCR results of the HOX family genes in the blastocyst from the control and KDM5B-knockdown groups. E) Real-time PCR results of SOX2, NANOG, and POU5F1 in the blastocysts from the control and KDM5B-knockdown groups. F) Real-time PCR results of PRC2 (EED, SUZ12, and EZH2) and KDM6A of blastocyst from the control and KDM5B-knockdown groups. G) Realtime PCR results of the TET family genes in the blastocyst from the control and KDM5B-knockdown groups. The abundance of the transcripts was normalized against H2AFZ. Data are presented as the mean 6 SEM; *P , 0.05, **P , 0.01.
KDM5B IS CRITICAL TO PIG EMBRYO DEVELOPMENT genome activation and required for the maintenance of NANOG [57] .
In summary, knockdown of KDM5B impaired early embryonic development and decreased the quality of the embryo. Deletion of KDM5B disturbed the bivalent balance between H3K4me3 and H3K27me3, which was indicated by an increase in H3K4me3 abundance at the 4-cell and blastocyst stages in conjunction with decreased abundance of H3K27me3. The disturbed bivalent balance of H3K4me3 and H3K27me3 caused activation of HOX genes, whose repressed status is necessary for normal embryo development. KDM5B might be a key epigenetic regulation-related factor that is crucial for the normal growth and development of porcine embryos (Fig. 6 ). More studies are needed for further understanding of the gene expression network regulated by KDM5B in early embryonic development.
